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Gallium phosphide is an important indirect band gap material with variety of applica-
tions in optics ranging from LEDs to applications in GaP/Si based solar cells. We in-
vestigated GaP using ultrafast, pump-probe coherent acoustic phonon spectroscopy (time-
domain Brillouin scattering). We measured the dependence of the amplitude of the dif-
ferential reflectivity as modulated by coherent acoustic phonons (CAPs) as a function of
laser probe energy and found that the amplitude of the coherent phonon oscillations varies
non-monotonically near the direct gap transition at the Γ point. A theoretical model is
developed which quantitatively explains the experimental data and shows that one can use
coherent phonon spectroscopy to provide detailed information about the electronic struc-
ture, the dielectric function and optical transitions in indirect band gap materials. Our
calculations show that the modelling of experimental results is extremely sensitive to the
wavelength dependent dielectric function and its derivatives.
a)Electronic mail: andrey.baydin@vanderbilt.edu
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I. INTRODUCTION
Gallium phosphide (GaP) is a compound semiconductor with an indirect band gap of 2.26 eV1
with a zinc blende crystal structure. GaP is an ideal candidate for optical/photonic structures in the
visible range due to its high refractive index and low absorption coefficient2. Most commonly it is
used in manufacturing low-cost red, orange, and green light-emitting diodes (LEDs) with low to
medium brightness. In addition, GaP is nearly perfectly lattice matched to Si and has a conduction
band minimum near the X point like in Si. This allows one to grow high quality layers of GaP
on top of Si for possible use in Si-based hybrid optoelectronic devices including high efficiency
photovoltaics3,4. Recently, the generation of broadband THz pulses by optical rectification in GaP
waveguides5 was demonstrated. The dispersion of the GaP emitter and the peak frequency of
the emitted THz radiation are tunable. Also, the use of a waveguide for the THz emission offers
scalability to higher power and represents the highest average power for a broadband THz source
pumped by fiber lasers6.
Ultrafast laser spectroscopy is a powerful tool for studying the dynamics and characterizing the
fundamental interactions of carriers, spins and phonons in a wide variety of materials. When one
shines an ultrafast, femtosecond pulsed laser beam on a semiconductor surface and observes the
decay of the transmission or reflection of a probe pulse as a function of delay time, one can gain
valuable insight into carrier relaxation dynamics. Oftentimes, superimposed on the decay signal
of the probe pulse is a signal that oscillates in time typically with the period of the q = 0 optical
phonon frequency. These oscillations are known as coherent (optical) phonons. If the absorption
of the femtosecond pump pulse is non-uniform (either due to selective absorption in a layered
structure or to a short absorption length in a uniform material) then in addition, coherent acoustic
phonons (CAPs) can also be generated. The coherent acoustic phonon wavepackets can travel
into the sample away from the surface and reflect and scatter from interfaces or structures buried
below the surface. The amplitude of the coherent phonon oscillation (Brillouin oscillations) as a
function of delay time can provide information on the quality of surfaces and interfaces as well
as internal electric fields. Detection of coherent acoustic phonons is an integral part of the field
known as picosecond ultrasonics. Picosecond ultrasonics including time domain Brillouin scatter-
ing is an optical pump probe technique where an ultrafast optical pump pulse generates coherent
acoustic phonons (CAP) propagating into a material. The time delayed probe pulse is may then
used to detect acoustic echoes coming back to the surface and/or Brillouin oscillations arising from
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probe light interference7. There are many different mechanisms of CAP generation including ther-
moelasticity, deformation potential, inverse piezoelectric process, electrostriction7,8. Usually, for
efficient CAP wave generation transducer layers made of metals or materials that strongly absorb
at the pump energy are used9–11. Picosecond ultrasonics is used to measure thin film thicknesses12
and elastic properties such as the Young modulus13, stress14, sound velocity and index of refrac-
tion. In addition, various interactions between photons, excited carriers and phonons are presently
under investigation. These include studies of electron diffusion15,16, shifts in the electronic en-
ergy levels by picosecond strain17, attenuation and dispersion of acoustic phonons18,19, acoustic
solitons and nonlinear acoustics20–22, imaging biological samples23, adhesion of thin films, two
dimensional materials and single cells to a substrate24–26, out of plane energy transfer in Van
der Waals materials27, ultrafast acousto-magneto-plasmonics28, terahertz radiation29, and specific
mode acoustic phonon - electron interactions30. Analysis of Brillouin oscillations is also employed
to study depth dependent optical, acoustical, and acousto-optical parameters of materials31,32.
In this paper, we report on an experimental study of probe energy dependence of the amplitude
of Brillouin oscillations arising from CAPs in bulk GaP and compare with theoretical calculations.
While normally, one might use CAPs to study the quality of interfaces and anti-phase domains in
heterostructures such as GaP films on Si33,34, recently, Ishioka et al. studied the energy dependence
of coherent phonons in bulk GaP with 400 nm (3.1 eV) pump pulses and probe pulses ranging in
energy from 2.0 eV to 2.6 eV35. With a change in energy of the probe pulse, one usually sees a
shift in the frequency of oscillation given by: f = 2nv/λ where n is the index of refraction, λ the
wavelength of the probe and v the sound velocity. In addition to a change in frequency, Ishioka et
al. also surprisingly saw that the amplitude of the oscillations increased significantly (by a factor of
5-7) as one approached 2.6 eV. They however, could not quantitatively explain these experimental
results.
In this current study, we extend the range of the probe energy from the Ishioka et al.35 study
from below the indirect band gap (2.26 eV) to well above the direct band gap (2.78 eV) of GaP.
Our results show a non-trivial energy dependence (i.e. the change is non-monotonic) of the ampli-
tude of Brillouin oscillations above 2.6 eV. Our experiments show that the complicated structure
in the energy dependence of the amplitude arises from both direct and indirect contributions to
the dielectric function of GaP. We develop a theoretical model taking into account the indirect and
direct gaps, which shows good agreement with the experimental results, provided we use a exper-
imentally derived dielectric function for GaP with a very small grid size. We find that dielectric
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function experimentally obtained by Aspnes36 and used by Ishioka et al. in their model, does not
have an appropriately small spacing between data points to accurately calculate the derivative in
the region of interest.
II. RESULTS AND DISCUSSION
A. Amplitude of Brillouin oscillations: Experiment
A Ti layer (20 nm) was deposited onto a bulk nominally undoped crystal of GaP (100) using
an e-beam evaporator with a 2 Å/s deposition rate. The GaP wafer was purchased from Institute
of Electronic Materials Technology, Warsaw, Poland, where it was grown by Liquid Encapsulated
Czochralski method. The Ti layer serves as a transducer for efficient generation of the CAP wave.
Ti was chosen due to its acoustic impedance that matches one of GaP with only 10% mismatch
and, therefore, acoustic reflections are suppressed at Ti/GaP interface.
Time-domain Brillouin scattering experiments were performed in a standard time-resolved
pump-probe setup in reflection geometry. A Coherent Mira 900 with 150-fs pulses at 76 MHz
was used as a laser source. Wavelength of the laser was varied. In order to generate the probe
wavelength in the UV range, a beta Barium Borate crystal was used. Both beams were focused
onto the specimen with spot diameters of 100 µm and 90 µm for pump and probe, respectively.
The pump beam was chopped using a Thorlabs optical chopper operating at 3 kHz. For energies
out of the range of the Coherent Mira 900 (1.38 eV - 1.65 eV, 2.76 eV - 3.3 eV), a Spectra Physics
Spitfire Ace amplifier system with 1 kHz repetition rate was used. The pump wavelength of 800
nm (1.55 eV) was chopped at 0.5 kHz. White light generated in a sapphire crystal was used as the
probe beam. The probe wavelength was selected using a narrow band pass filter.
Figure 1 shows our experimental data, the data from Ishioka et al.35 and the model that utilizes
dielectric function from Aspnes et al.36. The amplitude increases as the energy increases up to 2.76
eV (direct band gap of GaP). For higher energies past the 2.76 eV the amplitude drops suddenly
and starts to increase again. Our data and K. Ishioka et al. data are in a good agreement while the
model underestimates the increase in the amplitude of Brillouin oscillations passed 2.4 eV. This is
mostl due the fact that the tabulated dielectric function from D. Aspnes’s paper does not resolve
the feature near Γ point and, therefore, leads to a smeared energy derivative of dielectric function.
This observation might explain the discrepancy observed by K. Ishioka et al.35.
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FIG. 1. Our experimental results (blue dots) plotted against experimental results (orange dots) obtained by
Ishioka et al. and their model (green line)35 which uses the dielectric function given by Aspnes and Studna36
on a courser grid.
B. Amplitude of Brillouin oscillations: Theory
The amplitude of Brillouin oscillations is derived for a two layer systemwhere the top layer acts
as a transducer to generate acoustic pulses. The bottom layer is a substrate, wherein the amplitude
of Brillouin oscillations is determined. The complex reflectance of the s-polarized probe in the
presence of the travelling CAP wave in a two layer structure with oblique angle of incidence is
given by37:
δ r
r
=
ik2
2k0a0b0
[
P
(1)
12
∫ d
0
η(z′, t)
(
a1e
ik1z
′
+b1e
−ik1z′)2dz′+P(2)12
∫ ∞
0
η(z′+d, t)
(
a2e
ik2z
′)2
dz′
+u(0, t)(1− ε1)
(
a1+b1
)2
+u(d, t)(ε1− ε2)
(
a2
)2]
,
(1)
where r = b0/a0 is the reflectance for the unperturbed (by the strain wave) sample, d is the thick-
ness of the transducer (top) layer, k j =
√
ε jk2− k2x is the wave vector in j-th medium, k is the wave
vector in vacuum, a j and b j are the electric field amplitudes in j-th layer, u is the displacement,
ε1 and ε2 are complex dielectric functions of the transducer (top layer) and the substrate (bottom
layer), respectively. P(i)12 is the photoelastic coefficient for the ith layer
37. Here, we are interested
only in the amplitude of Brillouin oscillations in the substrate, therefore several terms in Equation
(1) can be omitted. The first term describes photoelastic contribution to the reflectance when the
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FIG. 2. (a) Real (blue) and imaginary (orange) parts of the dielectric function of GaP taken from the
database of CompleteEASE software by J. A. Woollam, (b) real and imaginary parts of the energy derivative
of dielectric function in Fig. 2a, (c) experimental (blue dots) and theoretical amplitude (orange line) of
Brillouin oscillations in GaP versus probe beam energy.
wave is traveling through the transducer layer. Once it leaves the layer, these terms vanish. We
ignore any contribution from the static strain caused by the elevated temperature of the transducer
layer. Terms that include displacement of the surface and the interface, u(z, t) =
∫ z
−∞ η(z
′, t)dz′,
also vanish when the strain wave is transmitted into the substrate. Thus, Equation (1) can be
rewritten as
δ r
r
=
ik2
2k0a0b0
P
(2)
12
∫ ∞
0
η(z′+d, t)a22e
2ik2z′dz′. (2)
In order to determine the amplitude of Brillouin oscillations, we need to know the expression
for the generated strain wave, η(z, t). To a good degree of approximation, the generated strain
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pulse can be modeled by a derivative of a Gaussian17:
η(z, t) =−η0
(z− vt)
ξ
exp
[
−(z− vt)
2
ξ 2
]
,
η0 =
3WβB(1−R)(1− r)
Cξ ρv2Ti
,
(3)
where ξ is the absorption depth of the pump light, r is the reflection coefficient of longitudinal
acoustic waves at the interface between film and substrate, R is the pump light reflection coeffi-
cient, vTi and v is the sound velocities in transducer layer and substrate, respectively. W is the
pump fluence, β is the linear expansion coefficient, B is the bulk modulus,C is the volumetric heat
capacity, and ρ is the transducer film density. Since r in our experiment is small (0.063), acoustic
reflections at the interface were neglected.
By plugging Equation (3) into Equation (2), the integral in Equation (2) can be taken analyti-
cally resulting in:
δ r
r0
=− ik
2a22P
(2)
12 ξ η0
4k0a0b0
(
e
− (d−vt)
2
ξ2 − i
√
piξ k2Erfc
[
d− vt
ξ
+ iξ k2
]
e−ξ
2k22e2ik2(d−vt)
)
. (4)
Brillouin oscillations come from the second term in Equation (4). The complementary error func-
tion, Erfc
[
d−vt
ξ
+ iξ k2
]
, is essentially 2 at longer times. The measured reflectivity change, ∆R/R0,
is related to the complex reflectance change, δ r/r0, as ∆R/R0 = 2Re[δ r/r0]. Therefore, the am-
plitude of Brillouin oscillations can be expressed as:
Aosc =
√
piη0ξ
2
∣∣∣∣k2k2a22k0a0b0P(2)12 e−ξ
2k22
∣∣∣∣ , (5)
The photoelastic coefficient P12 is, in general, a function of energy and defined as38:
P12 =
∂ε
∂η
. (6)
Since ε is complex, so is P12. The strain field, η , modulates the permittivity, ε , by shifting the
band gap of a semiconductor by the acoustic deformation potential, acv35,39,40,
ε(E,η) = ε(E−acvη). (7)
The amplitude of strain pulses used TDBS experiments is of the order of 10−5 and the acoustic
deformation potential for most semiconductors is about 10 eV. Therefore, the term acvη is orders
of magnitude smaller than E. Taking this into account, we can expand Equation (7) to the lowest
order so that Equation (6) becomes
P12 =−acv
∂ε
∂E
. (8)
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Finally, using Equation (8), the amplitude of Brillouin oscillations from Equation (5) takes the
following form:
Aosc =
√
piη0ξ
2
∣∣∣∣k2k2a22k0a0b0acv
∂ε
∂E
∣∣∣∣
E=h¯ω
e−ξ
2k22
∣∣∣∣ (9)
The amplitude of Brillouin oscillations in Equation (9) includes the energy derivative of the
complex dielectric function. We have taken literature values for the dielectric function of GaP as
found in the database of CompleteEASE software by J. A. Woollam, which is shown in Figure
2a. The energy derivative of the dielectric function is taken numerically and shown in Figure
2b. As it can be seen the energy dependence of the derivative already resembles the experimental
data shown in Figure 2c. This will be discussed in more detail in the next section. A number of
analytical functions have been developed41 to fit experimentally obtained dielectric function which
can provide smoother energy derivative. However, in our case, the energy range for dielectric
function data does not include high energy optical transitions, which may significantly affect the
fitting procedure. Finally, the amplitude of Brillouin oscillations is calculated using Equation
(9) and compared to the experimental data in Figure 2c. Parameters used in the calculation are
reported in Table I.
TABLE I. Parameters for Ti used in the model to calculate strain amplitude, η0
Physical quantity Value
Absorption depth at 800 nm, ξ 15.86 nm42
Linear expansion coefficient, β 8.6×10−6 K−1
Bulk modulus, B 110 GPa
Volumetric heat capacity, c 2.453×10−6 J/(m3K)
Density, ρ 4506 kg/m3
Sound velocity, vTi 6100 m/s
Reflection coefficient at 800 nm, R 0.5178
Deformation potential, acv 10 eV
The amplitude of Brillouin oscillations obtained in the experiment and from the model are in
good agreement (see Fig. 2c). There is some discrepancy past the Γ point (2.76 eV) of GaP. The
model overestimates the amplitude in the energy region between 2.8 eV and 3 eV, and underes-
timate the amplitude for energies above 3 eV. The results indicate that the amplitude of Brillouin
oscillations is maximized near the direct optical transition; at the Γ point (2.76 eV). The next direct
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optical transition is located at L point (zone boundary,∼ 3.55 eV)43, which is out of probe energy
range in the current study. Peaking in the amplitude of photoelastic response near Γ point has been
also observed for GaAs9 and Si44. The dependence of the amplitude of Brillouin oscillations on
energy can be explained by multiple optical transitions contributing above the indirect band gap.
Our results suggest use of TDBS as a method to measure spectral dependence of the photoelastic
response of materials.
It is important to note that the developed model is applicable only for strains < 10−4. When
CAP waves with larger strain values propagate through a material they shift different valleys by
their corresponding deformation potential. In such cases, an analytical model for dielectric func-
tion based on critical points41 should be employed. Such approach will allow one to find the strain
derivative of the dielectric function, ∂ε/∂E, directly by changing critical point values using the
energy dependent acoustic deformation potential which varies from valley to valley.
C. Simple Model
Insight is gained if one studies a much simplified model of transient reflectivity. It can be shown
that if the changes δ r to the reflectivity due to the pump pulse are small, δ r << r0, then
∆R
R0
= 2Re
(
δ r
ro
)
. (10)
For a uniform material with small changes to the index of refraction δn induced by a pump pulse,
then it can be shown45:
∆R
R0
∝ 2Re
{∫ ∞
0
ei2kx
δ
δx
δn(x, t)dx
}
. (11)
where n is the complex index of refraction, k = nk0 and δn is the change in the complex index of
refraction due to the pump pulse. For GaP, with laser energies between 2 eV and 3.5 eV, the real
part of the index of refraction is much larger than the imaginary piece and can therefore be treated
as real. Note however, that changes to the index of refraction due to the pump pulse can be either
real or imaginary.
The change in the index of refraction is related to the Seraphin coefficients ∂ε/∂E through
2nδn = δε =−acv
∂ε
∂E
η. (12)
As a result, we obtain:
∆R
R0
∝ 2Re
{
∂ε
∂E
∫ ∞
0
ei2kz
δ
δ z
δη(z, t)dz
}
. (13)
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Since the strain wave propagates undistorted through the medium, η(z, t) = η0(z− vt) where η0
is the initial strain. We can change variables to u = z− vt and then for long times (so all the strain
is propagating in the positive direction away from the surface) that
∆R
R0
∝ 2Re
{
∂ε
∂E
ei2kvt
∫ ∞
−∞
ei2ku
δ
δu
δη0(u)du
}
. (14)
The last term (integral) is a form factor which depends only on the initial strain profile which
depends on the pump pulse parameters. The middle term is the oscillatory part of the reflection.
This has a dependence on the frequency of the probe laser light (which determines the period
of oscillations) but does not influence the amplitude of the oscillations. Only ∂ε/∂E affects the
amplitude of the oscillations for different probe energies. We can write
∂ε
∂E
=
√(
∂εr
∂E
)2
+
(
∂εi
∂E
)2
eiφε (15)
so we see that the dominant contribution to the amplitude of the signal is given by
Aosc ∝
∣∣∣∣ ∂ε∂E
∣∣∣∣=
√(
∂εr
∂E
)2
+
(
∂εi
∂E
)2
. (16)
This is plotted by the green line in Figure 2c. As can be seen from the Figure 2c, the green curve
agrees remarkably well with both the experimental data (blue dots) and the more complete theory
(orange curve).
III. CONCLUSION
Knowledge of the spectral dependence of the photoelastic response is important both from
fundamental point of view and for applications. Particularly, it is relevant to nanoscale imaging
using TDBS31, where one would want to optimize and choose a probe wavelength leading to higher
amplitude of Brillouin oscillations and, consequently, larger signal-to-noise ratio. For example, in
work on coherent acoustic phonons in InMnAs films on an GaSb substrate, it was seen that the
large magnitude of the Brillouin oscillations resulted from the fact that the Brillouin oscillations
were probed near peaks in the derivatives of the complex dielectric function46,47.
In conclusion, we have investigated the photoelastic response of GaP as probed by time-domain
Brillouin scattering. The results show order of magnitude changes in the amplitude of Brillouin
oscillations with respect to probe energy which is maximized near direct optical transitions. Calcu-
lations based on the developed theoretical model are in a good agreement with experimental data.
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The results obtained in this paper are of importance to the understanding of detection mechanisms
of coherent acoustic phonons in indirect band gap semiconductors and GaP based opto-electronic
devices. Information obtained from these types of studies can be used for optimizing the optical
response for a wide variety of materials.
ACKNOWLEDGMENTS
The authors acknowledge the ARO for financial support under Award No. W911NF14-1-0290.
Portions of this work were completed using the shared resources of the Vanderbilt Institute of
Nanoscale Science and Engineering (VINSE) core laboratories. CJS was supported by the Air
Force Office of Scientific Research under Award No. FA9550-17-1-0341.
REFERENCES
1M. R. Lorenz, G. D. Pettit, and R. C. Taylor, “Band gap of gallium phosphide from 0 to 900 K
and light emission from diodes at high temperatures,” Phys. Rev. 171, 876–881 (1968).
2M. N. Polyanskiy, “Refractive index database,” https://refractiveindex.info.
3H. Wagner, T. Ohrdes, A. Dastgheib-Shirazi, B. Puthen-Veettil, D. König, and
P. P. Altermatt, “A numerical simulation study of gallium-phosphide/silicon heterojunc-
tion passivated emitter and rear solar cells,” Journal of Applied Physics 115, 044508 (2014),
https://doi.org/10.1063/1.4863464.
4R. Saive, H. Emmer, C. T. Chen, C. Zhang, C. Honsberg, and H. Atwater, “Study of the interface
in a gap/si heterojunction solar cell,” IEEE Journal of Photovoltaics , 1–9 (2018).
5K. Aoki, J. Savolainen, and M. Havenith, “Broadband terahertz pulse genera-
tion by optical rectification in GaP crystals,” Applied Physics Letters 110, 201103 (2017),
https://doi.org/10.1063/1.4983371.
6G. Chang, C. J. Divin, J. Yang, M. A. Musheinish, S. L. Williamson, A. Galvanauskas, and
T. B. Norris, “GaP waveguide emitters for high power broadband THz generation pumped by
Yb-doped fiber lasers,” Opt. Express 15, 16308–16315 (2007).
7O. Matsuda, M. C. Larciprete, R. Li Voti, and O. B. Wright, “Fundamentals of picosecond laser
ultrasonics,” Ultrasonics 56, 3 (2015).
11
8P. Ruello and V. E. Gusev, “Physical mechanisms of coherent acoustic phonons generation by
ultrafast laser action,” Ultrasonics 56, 21 (2015).
9J. K. Miller, J. Qi, Y. Xu, Y.-J. Cho, X. Liu, J. K. Furdyna, I. Perakis, T. V. Shahbazyan, and
N. Tolk, “Near-bandgap wavelength dependence of long-lived traveling coherent longitudinal
acoustic phonons in GaSb-GaAs heterostructures,” Physical Review B 74, 113313 (2006).
10A. Baydin, H. Krzyzanowska, M. Dhanunjaya, S. V. S. N. Rao, J. L. Davidson, L. C.
Feldman, and N. H. Tolk, “Depth dependent modification of optical constants aris-
ing from H+ implantation in n-type 4H-SiC measured using coherent acoustic phonons,”
APL Photonics 1, 036102 (2016).
11A. Baydin, H. Krzyzanowska, R. Gatamov, J. Garnett, and N. Tolk, “The photoelastic coefficient
P12 of H+ implanted GaAs as a function of defect density,” Scientific Reports 7, 15150 (2017).
12O. B. Wright, “Thickness and sound velocity measurement in thin transparent films with laser
picosecond acoustics,” Journal of Applied Physics 71, 1617–1629 (1992).
13L. Chapelon, J. Vitiello, D. Neira, J. Torres, J. Royer, D. Barbier, F. Naudin, G. Tas, P. Mukund-
han, and J. Clerico, “Measuring the Young’s modulus of ultralow-k materials with the non de-
structive picosecond ultrasonic method,” Microelectronic Engineering 83, 2346–2350 (2006).
14J. Dai, P. Mukundhan, C. Kim, and H. J. Maris, “Analysis of a picosecond ultrasonic method
for measurement of stress in a substrate,” Journal of Applied Physics 119, 105705 (2016).
15G. Tas and H. J. Maris, “Electron diffusion in metals studied by picosecond ultrasonics,”
Physical Review B 49, 15046–15054 (1994).
16O. B. Wright, B. Perrin, O. Matsuda, and V. E. Gusev, “Ultrafast carrier diffusion in gallium
arsenide probed with picosecond acoustic pulses,” Physical Review B 64, 081202 (2001).
17A. V. Akimov, A. V. Scherbakov, D. R. Yakovlev, C. T. Foxon, and M. Bayer,
“Ultrafast band-gap shift induced by a strain pulse in semiconductor heterostructures,”
Phys. Rev. Lett. 97, 037401 (2006).
18H. N. Lin, R. J. Stoner, H. J. Maris, and J. Tauc, “Phonon attenuation and ve-
locity measurements in transparent materials by picosecond acoustic interferometry,”
Journal of Applied Physics 69, 3816–3822 (1991).
19W. Chen, H. J. Maris, Z. R. Wasilewski, and S.-I. Tamura, “Attenuation and ve-
locity of 56 GHz longitudinal phonons in gallium arsenide from 50 to 300 K,”
Philosophical Magazine Part B 70, 687–698 (1994).
20P. J. S. van Capel and J. I. Dijkhuis, “Time-resolved interferometric detection of ultrashort strain
12
solitons in sapphire,” Physical Review B 81, 144106 (2010).
21V. E. Gusev, “Detection of nonlinear picosecond acoustic pulses by time-resolved Brillouin scat-
tering,” Journal of Applied Physics 116, 064907 (2014).
22P. van Capel, E. Péronne, and J. Dijkhuis, “Nonlinear ultrafast acoustics at the nano scale,”
Ultrasonics 56, 36–51 (2015).
23F. Pérez-Cota, R. J. Smith, E. Moradi, L. Marques, K. F. Webb, and M. Clark, “Thin-film
optoacoustic transducers for subcellular brillouin oscillation imaging of individual biological
cells,” Applied optics 54, 8388–8398 (2015).
24R. Beardsley, A. V. Akimov, J. D. Greener, G. W. Mudd, S. Sandeep, Z. R. Kudrynskyi, Z. D.
Kovalyuk, A. Patanè, and A. J. Kent, “Nanomechanical probing of the layer/substrate interface
of an exfoliated inse sheet on sapphire,” Scientific reports 6, 26970 (2016).
25M. Grossmann, M. Schubert, C. He, D. Brick, E. Scheer, M. Hettich, V. Gusev, and T. Dekorsy,
“Characterization of thin-film adhesion and phonon lifetimes in Al/Si membranes by picosecond
ultrasonics,” New Journal of Physics 19, 053019 (2017).
26M. A. Ghanem, T. Dehoux, L. Liu, G. L. Saux, L. Plawinski, M.-C. Durrieu,
and B. Audoin, “Opto-acoustic microscopy reveals adhesion mechanics of single cells,”
Review of Scientific Instruments 89, 014901 (2018), https://doi.org/10.1063/1.5019807.
27I.-J. Chen, P.-A. Mante, C.-K. Chang, S.-C. Yang, H.-Y. Chen, Y.-R. Huang, L.-C. Chen, K.-H.
Chen, V. Gusev, and C.-K. Sun, “Graphene-to-substrate energy transfer through out-of-plane
longitudinal acoustic phonons,” Nano Letters 14, 1317–1323 (2014).
28V. V. Temnov, “Ultrafast acousto-magneto-plasmonics,” Nature Photonics 6, 728–736 (2012).
29M. R. Armstrong, E. J. Reed, K.-Y. Kim, J. H. Glownia, W. M. Howard, E. L. Piner, and
J. C. Roberts, “Observation of terahertz radiation coherently generated by acoustic waves,”
Nature Physics 5, 285–288 (2009).
30B. Liao, A. A. Maznev, K. A. Nelson, and G. Chen, “Photo-excited charge
carriers suppress sub-terahertz phonon mode in silicon at room temperature,”
Nature Communications 7, 13174 (2016).
31V. E. Gusev and P. Ruello, “Advances in applications of time-domain bril-
louin scattering for nanoscale imaging,” Applied Physics Reviews 5, 031101 (2018),
https://doi.org/10.1063/1.5017241.
32A. Baydin, H. Krzyzanowska, L. Feldman, and N. Tolk, “Post-implantation depth profiling
using time-domain brillouin scattering,” Nuclear Instruments and Methods in Physics Research
13
Section B: Beam Interactions with Materials and Atoms 440, 36–40 (2019).
33K. Ishioka, A. Rustagi, A. Beyer, W. Stolz, K. Volz, U. Höfer, H. Petek, and C. J. Stanton, “Sub-
picosecond acoustic pulses at buried gap/si interfaces,” Applied Physics Letters 111, 062105
(2017).
34K. Ishioka, A. Beyer, W. Stolz, K. Volz, H. Petek, U. Höfer, and C. J. Stanton, “Coherent
optical and acoustic phonons generated at lattice-matched gap/si (001) heterointerfaces,” Journal
of Physics: Condensed Matter (2018).
35K. Ishioka, A. Rustagi, U. Höfer, H. Petek, and C. J. Stanton, “Intrinsic co-
herent acoustic phonons in the indirect band gap semiconductors Si and GaP,”
Physical Review B 95, 035205 (2017).
36D. E. Aspnes and A. Studna, “Dielectric functions and optical parameters of si, ge, gap, gaas,
gasb, inp, inas, and insb from 1.5 to 6.0 ev,” Physical review B 27, 985 (1983).
37O. Matsuda and O. Wright, “Laser picosecond acoustics in a two-layer structure with oblique
probe light incidence,” Ultrasonics 42, 653–656 (2004).
38O. Matsuda and O. B. Wright, “Reflection and transmission of light
in multilayers perturbed by picosecond strain pulse propagation,”
Journal of the Optical Society of America B 19, 3028 (2002).
39S. Adachi, “Model dielectric constants of GaP, GaAs, GaSb, InP, InAs, and InSb,”
Phys. Rev. B 35, 7454–7463 (1987).
40S. Adachi, “Model dielectric constants of Si and Ge,” Phys. Rev. B 38, 12966–12976 (1988).
41A. B. Djurišic´, A. D. Rakic´, P. C. K. Kwok, E. H. Li, and M. L. Majewski, “Modeling
the optical constants of GaP, InP, and InAs,” Journal of Applied Physics 85, 3638–3642 (1999),
https://doi.org/10.1063/1.369727.
42P. B. Johnson and R. W. Christy, “Optical constants of transition metals: Ti, V, Cr, Mn, Fe, Co,
Ni, and Pd,” Phys. Rev. B 9, 5056–5070 (1974).
43O. Madelung, U. Rössler, and M. Schulz, eds., “Gallium phosphide (GaP), band structure,” in
Group IV Elements, IV-IV and III-V Compounds (Springer Berlin Heidelberg, 2002) pp. 1–6.
44H. Lawler, A. Steigerwald, J. Gregory, H. Krzyzanowska, and N. Tolk, “Experimental and
theoretical determination of the opto-acoustic spectrum of silicon,” Materials Research Express
1, 025701 (2014).
45C. Cook, S. Khan, G. Sanders, X. Wang, D. Reitze, Y. Jho, Y.-W. Heo, J.-M. Erie, D. Norton,
and C. Stanton, “Ultrafast carrier relaxation and diffusion dynamics in ZnO,” Proc. of SPIE
14
7603, 760304 (2010).
46J. Wang, Y. Hashimoto, J. Kono, A. Oiwa, H. Munekata, G. D. Sanders, and
C. J. Stanton, “Propagating coherent acoustic phonon wave packets in InxMn1−xAsGaSb,”
Phys. Rev. B 72, 153311 (2005).
47G. D. Sanders, C. J. Stanton, J. Wang, J. Kono, A. Oiwa, and H. Munekata, “The-
ory of carrier dynamics and time resolved reflectivity in InxMn1−xAsGaSb heterostructures,”
Phys. Rev. B 72, 245302 (2005).
15
